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Exciton states and tunneling in annealed semimagnetic Cd(Mn,Mg)Te
asymmetric double quantum wells
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Yu. A. Tarakanov
A. F. Ioffe Physico-Technical Institute, Russian Academy of Science, 194021 St. Petersburg, Russia
Exciton level structure and interwell relaxation are studied in Cd(Mn,Mg)Te-based asymmetric
double quantum wells (ADQWs) in normal to plane magnetic fields up to B = 10 T by a steady-
state optical spectroscopy. As grown structures with nonmagnetic CdTe quantum wells (QWs) were
subjected to quick temperature annealing to introduce Mn and Mg atoms from the barriers inside
the wells resulting in formation of magnetic (MW) and nonmagnetic (NMW) QWs, respectively,
with the concentration of diffused atoms of about 3–5%. A significant change of exciton energies
occurs with magnetic field: at low fields exciton, localized in the MW, is higher in energy than
that localized in the NMW and efficient exciton relaxation from the MW to the NMW takes place
for all ADQWs. In all structures the giant Zeeman effect in the MW changes the energy order
of σ+-polarized heavy hole (hh) excitons, localized in different wells, at high B. Levels’ crossing
is accompanied by a reverse of tunneling direction without anticrossing. Calculations of single-
particle states and their change with B indicate that the interwell exciton transfer is forbidden in
the single-particle picture at B >
∼
1 T for all studied structures. Experimentally, nevertheless, a
very efficient interwell relaxation of excitons is found in the whole magnetic field range regardless
of tunneling direction which evidences about importance of electron-hole Coulomb correlations in
tunneling process. Surprisingly, stress effects are revealed only in the structure with the narrowest
barrier while in ADQWs with thicker barriers stress relaxes completely. Different charge-transfer
mechanism are analysed in details and elastic scattering due to strong disorder is suggested as the
main tunneling mechanism of excitons with underlying influence of the valence band-mixing effects
on the hh-exciton transfer in ADQWs with relaxed stress.
PACS numbers: 78.67.-n, 73.40.Gk, 75.75.+a
I. INTRODUCTION
During last two decades symmetric and asymmetric
double quantum well (ADQW) nanostructures have at-
tracted high attention due to a great variety of observed
fundamental physical properties as well as high potential
for application in solid state electronics1,2,3,4. Among the
most interesting and important phenomena are vertical
carrier transfer - resonant or nonresonant tunneling and
energy relaxation5,6, energy level hybridization and state
entanglement7,8. Carrier tunneling was intensively stud-
ied in coupled quantum wells (QWs)9,10,11,12,13,14,15,16
and in pairs of correlated quantum dots17,18,19,20. A pos-
sibility to control of the energy level positions and spatial
localization of carrier states has made ADQW an excel-
lent system for studying of the tunneling. It was found
that excitonic effects are essential in tunneling process21.
Several different mechanisms were considered to explain a
big diversity of effects observed in tunneling experiments.
The exciton transfer in coupled QWs depends on (i)
a single-particle, electron and hole, level mismatches
(∆Ee and ∆Eh) and (ii) an exciton transition ener-
gies mismatch ∆Eex. When both ∆Ee and ∆Eh ex-
ceed longitudinal optical (LO) phonon energy h¯ωLO (21
meV in CdTe) tunneling of separate single electron and
hole via two LO phonons emission is found to be very
efficient22,23. When such single-particle tunneling is ener-
getically forbidden for at least of one carrier, but ∆Eex ≥
2h¯ωLO , nevertheless efficient tunneling of the exciton as
a whole entity was observed in II-VI heterostructures5,24.
That was successfully explained as a two-step process in-
volving indirect exciton as an intermediate state: strong
Coulomb interaction renormalizes energy spectrum so
that transitions forbidden in a single-particle picture be-
come allowed5. Another interesting and theoretically im-
portant case takes place when neither electron nor hole
can emit LO phonon, but ∆Eex ≥ h¯ωLO. In a single-
particle picture, relaxation of every particle via acous-
tic phonon (deformation potential) is expected. This
is much slower process with typical times of hundreds
picoseconds22,25. Alternative mechanism was theoreti-
cally considered by Michl et al.23, namely a transfer of
exciton as a whole entity through barrier by the emission
of a single LO phonon. The process results from admix-
ture of spatially indirect states to the exciton wave func-
tion in ADQW structures via Coulomb interaction and a
strong Fro¨hlich coupling of carriers to the LO phonons.
Exciton tunneling in such situation can dominate over
the separate transfer of electrons and holes if the tunnel
coupling between the wells is strong enough23. To the
best of our knowledge, this situation was realized only in
a few works26,27. Lawrence et al.26 have reported that
an efficient tunneling takes place also at the energy res-
onance of 1s exciton state of the narrow QW with a 2s
2exciton state of the wide QW.
Previously resonances in exciton tunneling were found
only in case of single-particle level resonances for ad-
jacent QWs when using an external electric field to
change mutual levels mismatch : for electrons12,13 and
for holes14,15,16. One should emphasize that careful com-
parison of the measured and calculated resonant fields
have shown that resonant charge transfer actually in-
volves excitons tunneling : changes in transfer dynamics
are found at electric field values when direct and indirect
transition energies become equal12,15,28. These experi-
mental observations suggest that the resonant tunneling
of exciton-bound carriers is the transfer from spatially di-
rect to indirect exciton state as was considered in details
by Ferreira et al.6,29.
Above considerations show a variety of coupling pos-
sibilities realized in ADQW. Besides very strong cou-
pling caused by Fro¨hlich mechanism in sited papers9,24,26
it was found that exciton tunneling efficiency does not
drop abruptly but remains still rather strong below one-
or two-LO phonon energy threshold, gradually decreas-
ing and saturating at small values of ∆Eex. This ex-
perimental findings evidence that other transfer mecha-
nisms are still efficient below LO phonon threshold. Some
other scattering processes must induce the observed
nonresonant carrier tunneling. For semiconductor het-
erostructures such mechanisms are quasielastic scatter-
ing through a deformation potential (acoustic phonons),
ionized impurity, interface defect and interface rough-
ness, or alloy scattering. Tunneling via acoustic phonon
scattering is estimated to be orders of magnitude weaker
than the polar coupling with characteristic tunneling
times of about several hundreds picoseconds or even
nanoseconds14,22,25 and usually should be ruled out. Cal-
culations have shown that the elastic scattering mecha-
nisms such as ionized impurity or interface defect assisted
interwell transfer are rather effective and give rise to ex-
citon tunneling times of the order of several tens picosec-
onds and, under certain conditions, even smaller12,22.
Besides, strong influence of valence band-mixing ef-
fects on heavy hole (hh) tunneling have been predicted
theoretically30,31 and observed experimentally32,33. The
importance of heavy-light hole mixing is emphasized in
Ref.12 where the authors argue that the evaluation of
transfer time from spatially direct to indirect exciton
states, which involves hole tunneling, cannot be done
without consideration of valence band-mixing effects.
Heavy-light hole mixing influence on exciton tunneling
is found to be effective even at resonant excitation of
the hh-exciton15. Plateau-like dependencies of tunnel-
ing time, observed between sequential resonances as a
function of applied external electric field14,15 indicates
band-mixing effects also25.
One should mention another the most discussed trans-
fer mechanism - dipole-dipole exciton interaction9,34,36
following the pioneering Takagahara’s work34. Compre-
hensive experimental studies35, theoretical analysis and
numeric calculations of different exciton transfer mech-
anisms in ADQWs including dipole-dipole interaction36
have given too small transfer rates (< 10 9 sec−1), un-
able to explain experimentally observed values35. On the
other side, in elegant work by Kim et al.37,38, high tun-
neling transparency was demonstrated experimentally for
thick ternary AlGaAs barriers while opposite situation
takes place for equivalent GaAs/AlAs digital barrier.
These investigations clearly pointed to often forgotten
fact that usually barrier material is an alloy semicon-
ductor. If the alloy is inclined to clustering like GaAs
in AlGaAs barriers one can expect percolation in charge
transfer through low potential channels in the barrier.
Simple model considered by Kim et al.37,38 confirms the
conclusion.
This short review shows the dominant role of excitons
in tunneling process in ADQWs but the transfer mecha-
nism strongly depends on particular parameters and/or
structure design. Nevertheless, in some experimental
conditions the exact nature of the process is unclear and
still under discussion.
In this paper we report the results of experimental
studies of exciton level structure and its influence on
charge transfer in semimagnetic CdTe/Cd(Mg,Mn)Te-
based ADQWs as a function of magnetic fields and bar-
rier width by using steady-state photoluminescence (PL)
and PL excitation (PLE) spectroscopy. Great advan-
tage of semimagnetic or, in another words, diluted mag-
netic semiconductors (DMS) is that a giant Zeeman ef-
fect makes possible continuous tuning of a band-gap Eg
and exciton energies by external magnetic field due to
strong s,p-d exchange interaction between free band car-
riers and localized d-states of magnetic ions39. External
magnetic field allows to vary the interwell coupling in the
DMS ADQW after preparation, when the barrier width
is fixed. We have found very efficient hh-exciton inter-
well relaxation in investigated ADQWs. Possible exciton-
transfer mechanisms are analysed in details.
II. EXPERIMENTAL DETAILS
Cd0.8Mg0.2Te/CdTe/Cd0.8Mg0.2Te/CdTe/Cd0.8Mn0.2Te
undoped ADQWs were grown by molecular beam epi-
taxy on thick CdTe buffer deposed on (001)-oriented
CdZnTe substrate (Fig. 1). As-grown structures have
two nonmagnetic pure 6-nm wide CdTe QWs separated
by Cd0.8Mg0.2Te barrier with LB= 3, 4 and 6 nm.
Effective thermal inter-diffusion between the barriers
and CdTe QWs is promoted by use of SiO2 upper mask
and subsequent rapid temperature annealing (RTA) once
(LB= 3 and 6 nm) or two times (LB= 4 nm) at 400
oC
for one minute to promote diffusion of Mn and Mg atoms
from the barriers into the QWs. 80 nm thick SiO2 mask
was deposed by electron beam lithography and lift-off
after procedure. As we reported previously, diffusion is
strongly enhanced below the SiO2 mask as compared to
non-covered areas42 and results in the increase of band-
gap below the masked areas, inducing a lateral confine-
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FIG. 1: Outline and band gap alignment of as grown ADQW
structures.
ment potential up to 0.3 eV42 depending on the sample
and processing parameters. It was shown that RTA tech-
nique allows to vary the QW energy gap in a controllable
way with a good optical quality40,41,42. QW, located be-
tween two CdMgTe barriers, incorporates only Mg atoms
after RTA and is referred to as nonmagnetic well (NMW)
whereas that with CdMnTe barrier contains both Mg and
Mn atoms and is referred to as magnetic well (MW).
Measurements were done in superfluid He (bath tem-
perature T ≃ 1.8 K) in a cryostat with superconducting
magnet in Faraday geometry. Dye-laser (Pyridin1 dye),
pumped by continuous Ar+-ion laser, was used for exci-
tation. Circularly polarized (σ±) laser beam and photo-
luminescence (PL) signal were formed with quarter-wave
plates and linear polarizers. Sample surface was covered
with opaque metallic (Au) mask leaving open small holes
of 50 µm size. PL spectra were detected with a double-
stage 0.82 m monochromator and CCD camera. PLE
spectra were recorded as a spectrally integrated signal
at low-energy spectral tail of PL band versus excitation
energy. Such an experimental setup was applied to min-
imize a stray light when recording very broad spectral
bands usual for nanostructures based on ternary semi-
conductor materials43.
Maximum dye-laser excitation power density was ≃
10 W/cm2 to keep reasonable signal to noise ratio and to
avoid overheating which destroys sp-d interaction in DMS
semiconductors39. Temperature of magnetic Mn-ions
spin system in the excitation spot, estimated from mag-
netic field dependencies of exciton energies, was about 5
K.
III. EXPERIMENTAL RESULTS
Figure 2 displays polarized magneto-PL spectra of
ADQWs. Emission was excited with σ− polarized laser
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FIG. 2: Magneto-PL spectra of ADQWs with LB = 3, 4
and 6 nm in Faraday geometry and intra-well σ−-polarized
excitation at ∼ 100 meV above exciton transitions.
at ∼ 100 meV above exciton transitions but below the
barrier band gap. The spectra of all structures display
broad bands with a halfwidth of 6–8 meV, characteristic
for ternary II-VI materials. At low B spectral positions
and line intensities are nearly B-independent in all sam-
ples, as it usually does in the NMW. At higher B, at
some particular field BC ≈ 6, 3 and 2.5 T in samples
with LB= 3, 4 and 6 nm correspondingly, a red shift of
the σ+ component increases strongly while its intensity
increases gradually, which is characteristic to excitons
in the DMS QWs. The higher energy σ− component,
in contrast, displays a very weak shift characteristic to
the NMW exciton in the whole magnetic field range. Its
intensity decreases with B in all samples, the stronger
decrease for ADQW with bigger LB.
Excited exciton states were studied by the PLE. Fig. 3
represents polarized PLE spectra recorded at different
magnetic fields in both polarizations. The lowest hh-
exciton transition is B-independent at low fields in all
structures. Thereby we ascribe it to the spatially direct
transition in the NMW and label as hh (NMW) (Fig. 3).
The first excited hh-exciton, labelled as hh (MW), be-
haves similar to that in DMS heterostructures43: in σ+
excitation polarization its energy decreases quickly with
magnetic field while in σ− polarization - increases with
a giant Zeeman splitting up to 60 meV. Thereby it is as-
cribed to the direct transition in the MW. At some mag-
netic field, close to BC , hh-exciton in the MW crosses
that in the NMW. The higher exciton transitions are as-
sociated with a light hole (lh) in the MW and NMW
QWs. No evidence of Landau level formation is found
till B = 12 T as expected for QWs with strong potential
fluctuations.
Magnetic field dependencies of the exciton transition
energies in both circular polarization are summarized in
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FIG. 3: Polarized PLE spectra recorded at σ+-polarized exci-
tation (upper panels) and σ−-polarized excitation (lower pan-
els). Magnetic field increases from the bottom to the top for
σ+ polarization and vice versa for σ− polarization with a step
in 2 T for the ADQW with LB = 3 nm and 1 T for ADQWs
with LB = 4 and 6 nm. Dashed lines are to guide the eye.
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FIG. 4: Magnetic field dependencies of the exciton transition
energies obtained from PLE (small symbols) and PL spectra
(large symbols). Filled symbols and solid curves - for σ+ po-
larization, open symbols and broken curves - for σ− polariza-
tion; curves - are calculated dependencies acc. to the model
(see text). ∆hh−lh depicts hh-lh splitting in the NMW.
Fig. 4. Energies for hh and lh-exciton transitions are es-
timated with the accuracy of about 1 meV and 2 meV,
respectively, because of the broad inhomogeneous spec-
tral width of exciton bands. Nevertheless, systematic
change of exciton energies with magnetic field can be de-
termined and comparison with calculated dependencies
can be made.
Spatially indirect hh-excitons have not been observed
both in PL and PLE spectra even in the structure with
smallest LB. On the other hand, it is known that the
energy of indirect exciton in DMS ADQW is very sensi-
tive to the structure parameters44. On the whole PL and
PLE data for the ground exciton transitions agree with
each other with the values of stokes shift of 7–9 meV.
IV. DISCUSSION
A. General remarks
Spectral band, assigned to the hh-exciton of MW,
splits in magnetic field into two components with op-
posite, σ+ and σ−, polarizations corresponding to J =
+1 and J = –1 states of bright excitons45. J = +1 and
J = –1 excitons in PLE spectra demonstrate the giant
Zeeman effect in the MW well up to 60 meV with a satu-
ration at high magnetic fields (Fig. 4). Thus, a diffusion
process during RTA treatment gives rise to a significant
concentration of magnetic Mn atoms in the MW. The
main contribution in splitting is provided by the strong
sp-d exchange interaction of electrons and holes in semi-
magnetic CdMnTe QWs with localized Mn2+ magnetic
moments43. As a result, the giant Zeeman splitting of
σ+ and σ− polarized excitons in DMS semiconductors
up to hundreds meV takes place with a huge negative
ghh and positive ge effective g-factors of the heavy hole
and electron, respectively39.
Ground exciton transition in the MW at B > 0 is σ+
polarized43 and corresponds to optical transition between
the upmost state with Jz = −3/2 moment projection in
the valence band Γ8 (heavy hole state) and the lowest
state with Sz = −1/2 spin projection in the conductivity
band Γ6. Very quick, till a picosecond time scale, carriers
relaxation from the excited states, spin-split at finite B,
to the ground one is induced by the strong sp-d exchange
interactions between free carriers and Mn2+ ions46,47 and
usually gives rise to observation in PL of only σ+ polar-
ized exciton transition at B >∼ 1 T both in 3D and 2D
situation.
As a test of the used PLE methodic we recorded PLE
spectra at different spectrometer positions and have not
found noticeable difference in spectra shape except of in-
tensity. According to the Ref.48 this finding points to
the absence of long-range localizing potential while very
broad exciton bands (6–8 meV) evidence for a short-
range disorder due to interface and/or alloy fluctuations,
naturally expected in the investigated ADQWs after RTA
treatment.
Strong Zeeman shift, observed for the MW exciton
transition, evidences about high effectiveness of the inter-
diffusion between the barriers and CdTe QWs, promoted
by the RTA and enhanced by using of the SiO2 upper
mask. Good optical quality as compare to the other as-
grown II-VI ternary QW heterostructures5,24 shows up
perspectives of this technology for controllable engineer-
ing of optical properties in nanostructures. For our pur-
5poses the possibility to vary the interwell coupling and
mutual exciton levels in such ADQWs by the external
magnetic field, when the structure parameters are fixed
after preparation, allows to study interwell exciton tun-
neling.
B. Interwell exciton relaxation
At low magnetic fields (B< BC) most of the exciton re-
combination is observed at the lowest in energy NMW ex-
citon transition at nonresonant excitation (Fig. 2). PLE
data demonstrate that at resonant excitation of the MW
hh-exciton an effective interwell exciton transfer takes
place since the MW and NMW hh-exciton bands have
comparable intensities in the PLE spectra (Fig. 3). This
finding evidences that the interwell relaxation time of ex-
citons, excited in the MW, is markedly smaller than their
recombination time and during lifetime they mostly re-
lax to the NMW. Above the crossing field BC , a trans-
fer in the opposite direction also takes place due to the
same reason (PLE signal is detected at the tale of the
MW PL band). Though hh-exciton, attributed to the
NMW, is less pronounced at B > BC in PLE spectra
with σ+ polarized excitation because of strong spectral
bands overlap and broadening, it is clearly seen in σ−
excited PLE spectra (Fig. 3). Exciton levels crossing at
BC in σ
+ polarization is accompanied by a reverse of
tunneling direction without spectral peculiarities in the
crossing point. Absence of anticrossing behaviour points
to the absence of hh-exciton level interaction and, thus,
to an incoherent nature of exciton tunneling21.
C. Band alignment and energy levels calculations
To understand behavior of exciton transitions and in-
terwell exciton tunneling in magnetic field we have per-
formed numeric calculations of single-particle energies in
Γ point (zero in-pane wavevector) in the investigated
ADQWs. Wave functions and level energies were ob-
tained by solving of Schrodinger equation with appropri-
ate boundary conditions. Band gap dependencies of Eg of
Cd1−xMgxTe and Cd1−xMnxTe on the Mg and Mn con-
centrations are known from Ref.43, while the change of Eg
with magnetic field in the DMS barrier and in the MW
are described by a modified Brillouin function with accu-
rately tabulated parameters of the sp-d exchange inter-
actions in Cd1−xMnxTe
39,43. Effective electron, heavy-
and light-hole masses are taken from Ref.49. Conduction-
to-valence band offset for Cd(Mn,Mg)Te heterostructures
has been shown to obey usual for II-VI compounds 2:1
ratio rule49. In our calculations the potential profiles of
conductivity and valence bands were approximated by
the rectangular shape. Though this approximation is
rather simple because real concentration profiles of Mn
and Mg after RTA treatment depend on the growth con-
ditions and post-grown treatment50,51,52, it allows to de-
scribe well the experimental data as will be shown below.
Stress induced band shifts are used as adjustable param-
eters. We also neglect a small Zeeman splitting in the
NMW (≈ 1 meV at B = 10 T)53 - markedly smaller than
the PLE bands spectral linewidth.
Concentrations of diffused Mn in the MW (xMn) and
Mg atoms in the NMW (xMg) are evaluated from the
shifts of exciton transition energies above the pure CdTe
QW states in both wells at B = 0 T and, also, from a fit
of magnetic field dependencies of hh-exciton transition in
the MW. They are found to be: xMn ≈ 3.0, 5.1 and 3.1
and % xMg ≈ 4.1, 5.2 and 4.4 % for samples with barrier
3, 4 and 6 nm correspondingly.
Excitonic effects such as binding energy and oscilla-
tor strength are known to be strongly enhanced in II-VI
heterostructures45 due to confinement. Modification of
ADQW potential profile with magnetic field and succes-
sive change of confinement must influence on the exci-
ton intensities and binding energies. In calculations of
the exciton binding energies we have used general formu-
las derived in Ref.54 and valid for an arbitrary confine-
ment potential, which are shown to give good accuracy
(less than 1 meV) also in the case of strongly coupled
ADQWs. This approach is exact only at zero magnetic
field, systematically underestimating exciton binding en-
ergy with increasing B, especially at high fields, when
magnetic length lB is comparable with the in-plane exci-
ton radius45. Nevertheless, because the exciton in-plane
radius is ≈ 7 nm in all ADQWs, according to variational
estimations basing on the Ref.54, and becomes compara-
ble with lB only at B ≈ 13 T, used approach allows to
track qualitatively and even semi-quantitatively changing
of the exciton binding energy with B in the field depen-
dent potential.
D. Results of calculations
Calculated potential profiles of Sz = −1/2 conductiv-
ity and Jz = −3/2 valence bands, wave functions and
single-particle energy levels, corresponding to σ+ polar-
ization of optical transition, are presented in Fig. 5 for
the ADQW with LB= 4 nm at three values of magnetic
field: B = 0, 2 and 6 T (below and above BC). At zero
field both electron and hh ground states, localized in the
MW, are higher in energy than those in the NMW. The
giant Zeeman effect in the MW and DMS barrier dra-
matically decreases band energies with the main change
in the valence band as the exchange interaction constant
is four times stronger for hh states than that for the elec-
tron in the CdMnTe39. The hh levels of the DMS and
NMWs cross each other at some specific field value BH ≈
1 T.
Calculated magnetic field dependencies of the single-
particle ground and first excited state energies for elec-
tron (e1,e2), heavy (hh1,hh2) and light hole (lh1,lh2) in
both spin states are presented in Fig. 6 for ADQWs with
LB= 4 and 6 nm. The energies are given relatively to
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FIG. 5: Calculated electron and hole band potential profiles
for Sz = −1/2 and Jz = −3/2 states, corresponding to σ
+-
polarized optical transitions, for ADQW with LB = 4 nm at
B = 0 (a), 2 (b) and 6 T (c). Electron and hole wave functions
in the NM QW (solid lines) and NMW QW (dashed lines) are
shifted according to state energy. Arrows indicate observed
PL transitions.
the conductivity and valence band edges of bulk CdTe.
These particular ADQWs are chosen for detailed anal-
ysis and comparison with the experiment because they
are supposed to be unstressed as will be discussed be-
low. For the ADQWs with LB = 3 nm the dependencies
of the electron and hh levels are qualitatively same as
in another structures with the exception of the lh levels
which are split much more (Fig. 4).
Figure 6 shows that hh levels of the MW and NMW
with Jz = −3/2 reverse their sequence with magnetic
field due to the giant Zeeman effect in the MW at BH ≈
1.0 T in both ADQWs. No levels crossing is found for the
electrons: the ground electron level e1, mainly localized
in the NMW, has lower energy than level e2, localized in
the MW, in the whole magnetic field range (Fig. 6).
Figure 7(a) presents integrated squares of correspond-
ing wave functions Ψe(z) and Ψh(z) (probabilities) for
electrons and hh (left panel) and lh states (right panel)
in the regions of the NMW and MW for the ADQW with
LB = 4 nm. Hole spin representation is used below - the
hole ”spin” projection is opposite to the moment projec-
tion of the state in the valence band Γ8. Calculations
show that heavy holes are effectively decoupled in ad-
jacent wells: probability P leak not to be in its ”own”
well is less than 10−4 except of a very narrow region of
B near BH . Moreover, hh states are strongly localized
even in the ADQW with the narrowest barrier LB= 3
nm: P leak < 10
−3. Contrary, electrons and lh states
with Jhz = +1/2 demonstrate strong coupling. Besides,
with increasing B these light holes change their location
to the opposite QWs gradually, in a very wide magnetic
field range 1 – 8 T (Fig. 7(a), right panel), following band
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FIG. 6: Calculated magnetic field dependencies of single-
particle ground and 1st excited state energies (relatively to
the band edges of pure CdTe) for electrons (e1,e2), heavy
(hh1,hh2) and light holes (lh1,lh2) for ADQWs with LB=
4 (a) and 6 nm (b). Spin states are marked in figure. Solid
lines correspond to states for σ+-polarized optical transitions,
broken lines - for σ−.
gap shrinkage in the MW, but still having a significant
probability to be in the opposite well: P leak > 4% at
high fields. Light holes with opposite spin Jhz = -1/2
preserve original, same to B = 0 T, localization. Such
behavior reflects delocalized nature of light holes in in-
vestigated ADQWs due to much smaller value of a lh
mass in the quantization direction49 and smaller barrier
value for the lh states.
Exciton binding energies as a function of magnetic field
are shown in Fig. 7(b) for σ+ polarized hh-excitons for all
ADQWs (left panel) and for lh-excitons in the ADQW
with LB= 4 nm (right panel). Interestingly, it turned
out that in each ADQW binding energies of hh exci-
ton in the MW and NMW have very close values in the
whole magnetic field range (the difference is less than 0.5
meV) which is caused by strong hh confinement. One
can see a strong influence of the the spatial localization
on the binding energy: first, hh-excitons in ADQW with
wider barrier have higher binding energy value due to
stronger electron localization. Secondly, binding energy
of the lh-excitons correlates with the localization degree
of the light holes: the smaller overlap of lh wavefunction
with electron - the lower corresponding binding energy
and vise versa.
According to calculations for ADQW with LB= 4 and
6 nm, NMW lh-exciton in σ+ polarization is ascribed
to e1-lh1 transition at low magnetic fields (B < 2 T)
when both carriers are localized mainly in the NMW
(Fig. 7(a)). With increasing field lh1 continuously de-
localizes and changes its location to the MW. At higher
fields (B > 5 T) e1-lh2 transition can be considered as
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the NMW lh-exciton because in this field range lh2 level
changes its localization to the NMW while e1 state is al-
ways mostly localized in the NMW (and e2 - in the MW).
In σ− polarization, like zero field situation, e1-lh1 transi-
tion is being the NMW lh-exciton because for these car-
rier spin states band profile doesn’t change relative QWs
alignment, preserving carrier localization.
Similarly, the identification of lh-exciton can be done
in the MW. For this exciton transition lh1 and lh2 levels
interaction is seen most prominantly. According to cal-
culations, MW lh-exciton at low B starts as e2-h2 transi-
tion, when both carriers are localized mainly in the MW,
and have the highest transition energy. At higher fields
(B> 3 T) MW exciton in σ+ polarization quickly de-
creases its energy and can be assigned to e2-lh1 transi-
tion in accordance with the change of lh localization. In
σ− polarization the MW lh-exciton is ascribed to e2-lh2
transition at all B because both carriers are localized in
the MW.
Calculated lh-exciton transition energies for discussed
ADQWs with LB= 4 and 6 nm are depicted together
with experimental ones in Fig. 4. Data for the lh-excitons
are presented in the field regions where they have signif-
icant intensities according to the above discussion. One
can see rather satisfactory agreement between calculated
values and measured ones with worse agreement for the
lh-excitons. Is not surprising for the hh-excitons because
model parameters were chosen to fit their experimen-
tally found energies. As to the lh-excitons, comparison
with the experiment is complicated due to broad spectral
width of exciton bands in PLE and smaller value of lh
microscopic transition matrix elements as compare to hh
transitions45. Four possible combinations of light hole
excitons in every polarization (two electrons times two
lh holes) are reduced to only two strong transition at low
and high magnetic fields due to definite localization of
the light holes thus complicating analysis only at middle
B values. Analysis can be entangled also by interplay
between intrawell and interwell exciton relaxation kinet-
ics and reversing of exciton transfer direction between
QWs at BC . As an example of such an ambiguity, in
the ADQW with LB= 4 nm it is difficult to identify the
NMW lh-exciton transition in σ+ polarization whereas
it is clearly seen in σ− polarization. Contrary, in the
ADQW with LB = 6 nm lh-exciton from the NMW is
clearly seen in both polarizations.
Calculations for the ADQW with LB= 3 nm have
shown that e1(NMW)-hh2(MW) indirect exciton is the
ground energy state at high B. Experimentally, neverthe-
less, indirect exciton is not observed in this structure as
well as in another ones. On the other hand, it is known
that the energy of indirect exciton in DMS ADQWs is
very sensitive to the structure parameters44 and we as-
cribe this contradiction to the weakness of calculations
for the ADQW with the narrowest barrier.
In addition to identified lh-exciton transitions Fig. 3(c)
displays σ− polarized transition arising at B> 4 T for the
ADQW with LB= 6 nm (noted as F). It cannot be as-
signed to transitions with participation of higher electron
or hole levels because they have much higher energies.
We suppose that it appears due to hh-lh valence band-
mixing between hh2 (Jhz = -3/2) and lh2 (J
h
z = -1/2)
levels, localized in the MW and converging at high fields
(Fig. 6). Another evidence for such a mixing is anoma-
lously broad MW-assigned hh-bahd in the ADQW with
LB = 4nm (Fig. 3(b)) in which, according to calcula-
tions, hh2 and lh2 levels cross at high fields and stay
very close (less than 3 meV at B>5 T). Both hole states
are localized in the MW, hh2 - completely and lh2 - with
a probability > 82% and can be analyzed as first heavy
and light hole states in a single QW. Symmetry analysis
presented in Ref.55 (table II therein) shows that there is
only 2p−lh-exciton state with the same symmetry Γ7g as
a ground 1shh-exciton, which can mix with 1shh in σ−
polarization. Symmetry requires also that 2p−lh-exciton
should have odd single-particle wave functions55 (nega-
tive parity of the product Ψe(z) ∗ Ψh(z)) and only vio-
lation of mirror symmetry in the MW can give rise to
such considerable strength of optically forbidden exciton
state. Another Γ7g state, 3d
±lh, has orbital moment pro-
jections m = −3,±2 and +1 and doesn’t couple to the
σ−-polarized optical field. We suppose it is a violated
symmetry in ADQWs after RTA treatment51,52,56 due to
two times bigger diffusion coefficient of Mn atoms than
that of Mg in CdTe matrix57 which is responsible for the
origin of this band in the MW.
Thus, calculations in the simplest model with rectan-
gular shape potential profile describe very well hh-exciton
8magnetic field behavior in the studied ADQWs. As for
the lh-excitons, correspondence is worse due to smaller
mzlh mass and higher lh energies, inquiring knowledge of
exact band potential shape. Basing on our calculations,
we conclude that the heavy hole levels are completely
decoupled, while light hole levels interact strongly with
pronounced coupling.
E. Stress effects in annealed ADQWs
It is known that in heterostructures with a single QW
stress is fully accommodated by the QW with the bar-
riers being unstressed completely58. In calculations of
light hole energies for ADQWs with LB= 4 and 6 nm
the stress induced additional shift of lh levels is set to
zero. Only in this case calculations provide satisfacto-
rily description of exciton transitions considered above
and, particularly, explain small values of hh-lh splitting
∆hh−lh for these ADQWs (Fig. 4). Stress effects in the
QWs are completely neglected only for these two par-
ticular structures except of one with LB= 3 nm, where
lh-exciton in the NMW is sufficiently higher split in en-
ergy: ∆Ehh−lh ≈ 35 meV. This value is much bigger
than one expected without stress. Such a big splitting is
a result of considerable stress inside QWs in the ADQW
with the narrowest barrier.
Stress relaxation effects in the annealed ADQWs with
LB= 4 and 6 nm as a result of RTA treatment are in
accordance with the results of thorough experimental in-
vestigations and numerical simulation of diffusion pro-
cess in asymmetric CdMnTe/CdTe/CdMgTe quantum
wells59. In this work authors indicate that full stress
relaxation during the RTA procedure is significant to
explain their and reported by To¨nnies et al.57 results.
To understand the experimentally observed difference of
stress relaxation in ADQWs with different barriers one
should suggest: (i) the stress can partly relax in the inter-
well barrier region, i.e., to be adopted by the barrier; (ii)
the strongest relaxation occurs at some optimal barrier
width comparable with the QW width, because relax-
ation effect should vanish in utmost cases for very nar-
row (LB= 3 nm) as well as for very wide barriers. We
don’t have direct references concerning this phenomenon
except of Ref.59 and make this speculation as a sugges-
tion to explain the experimental data. Besides, ADQW
with LB= 4 nm is treated twice at elevated temperature
thus the stress relaxation effect for this structure should
be stronger.
F. Exciton tunneling mechanisms in annealed
CdTe-based ADQWs
1. Semiclassical single-particle approach
In the single-particle picture, tunneling of the heavy
hole with zero in-plane hh kinetic energy from the MW
to the NMW is prohibited at B>BH since the final hole
state is higher in energy. On the other hand, exciton
transition in the MW has higher energy than that in the
NMW until BC and, as PLE experiment definitely shows,
effective tunneling of the hh-excitons from the MW to
the NMW at B < BC takes place. Vice versa, at B >
BC , effective hh-exciton tunneling from the NMW to the
MW occurs as discussed at the beginning of this section.
Electron level e1, localized in the NMW, has lower en-
ergy than that in the MW (e2) in the whole magnetic field
range (Fig. 6) which prevents tunneling of the electron
with zero in-plane kinetic energy from the NMW to the
MW at B > BC , again in contradiction with the experi-
ment. Thus, in contrast with the single-particle picture,
experiment indicates very efficient exciton transfer in the
field range B>BH , prohibited for the tunneling of uncor-
related free carriers. This contradiction emphasizes the
importance of exciton correlation in charge transfer pro-
cesses in semiconductor heterostructures and shows that
the tunneling direction is governed only by the exciton
transition energies in the adjacent QWs in accordance
with the results of Refs.5,9,24,26.
In discussing the nature of exciton transfer mechanism
in investigated ADQWs, one has to mention that the
semiclassical, single-particle estimation of the heavy hole
tunneling time60 gives values ≈ 8 ps, 65 ps and 2.7 ns
for ADQWs with barriers LB= 3, 4 and 6 nm respec-
tively. On the other hand, free exciton radiative lifetime
in CdTe/Cd(Mg,Mn)Te-based QWs falls in range of 80–
150 ps depending on the QW parameters26,61,62. Thus,
only for ADQWs with LB= 3 and 4 nm estimated tun-
neling times are reasonable to explain experimentally ob-
served efficient exciton transfer during exciton lifetime,
being completely unappropriate for the structure with
the widest barrier of 6 nm.
To clarify the question about tunneling times in the
studied ADQWs, exact calculations of the hh interwell
tunneling rates (inverse tunneling times) have been done
in a single-particle relaxation picture. We considered
only the most reasonable in the studied undoped struc-
tures transfer mechanisms such as relaxation via the
emission of the acoustic phonons22, LO phonons63 and
alloy fluctuation elastic scattering64. For the alloy fluc-
tuation elastic scattering we used the value of scattering
potential of GaAs because of the absence of this value for
Cd(Mn,Mg)Te compounds in the literature. Calculated
dependencies of the scattering rates on the initial in-plane
hh kinetic energy from the higher state hh2 to the ground
state hh1, which are localized in different QWs, are de-
picted in Fig. 8 for B = 0 and 10 T. At B = 0 T hh tun-
neling takes place from the MW to the NMW while at B
= 10 T - contrariwise. Figure 8 shows that the relaxation
via acoustic phonons is much slower process with typical
times of nanoseconds and thus can be neglected. One can
see that the elastic alloy-disorder relaxation mechanism
does’t depend on the in-plane hh kinetic energy64 and
do provide transfer rates sufficient for effective interwell
hh tunneling in ADQWs with LB= 3 and 4 nm: calcu-
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lines) and 10 T (thin lines).
lated transfer times are of about several tens picoseconds
(or even smaller for the ADQW with LB= 3 nm) do not
exceed typical exciton recombination times (∼ 100 ps in
CdTe QWs61). Usually the strongest scattering mecha-
nism through LO phonons in the studied structures has
an energy threshold except for high B in the ADQW with
LB= 4 nm (Fig. 8(b)). According to the single-particle
calculations, LO-threshold for energy difference between
the hh1 and hh2 states in this structure vanishes at B
> 7.5 T (Fig. 6(a)) which explains evident growth of
the NMW hh-exciton band in the PLE spectra (Fig. 3,
LB= 4 nm). As to the ADQW with LB= 6 nm, nei-
ther of the considered mechanisms can provide sufficient
interwell transfer rates in agreement with simple semi-
classical estimations. Thus, very weak tunnel coupling
between the hh states for the widest ADQW gives rice to
very low interwell transfer rates, which cannot explain ef-
ficient hh-excitons transfer, experimentally found in the
presented studies.
2. Barrier quality
In our previous publications of the influence of RTA
treatment on the optical properties of CdTe/(Cd,Mg)Te
annealed nanostructures were investigated65,66. We have
not found any sign of (i) segregation phenomena in this
material system and (ii) deviation of Mg diffusion from
the classical linear Fick’s law. Same conclusion is made
in the studies of nonmagnetic CdTe/CdMgTe QWs67.
Moreover, comparative investigations of diffusion process
in RTA procedure have revealed same activation energy
and comparable values of Mg and Mn atoms diffusion co-
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efficient in CdTe matrix57. In magneto-optical studies in
the DMS CdTe/CdMnTe heterostructures no segregation
effect of Mn was found also51,52,56,57,59.
Thus, we have no hints to suppose the existence of low
potential conductivity channels in the barrier, caused by
alloy segregation or clustering in the investigated mate-
rial system Cd(Mn,Mg)Te, similar to reported by Kim et
al. for GaAs/AlGaAs heterostructures37,38.
3. LO-phonon exciton tunneling
We have analyzed also another mechanism of the exci-
ton tunneling as a whole entity via the emission of the LO
phonon23 which should dominate over the separate trans-
fer of electrons and holes if the tunnel coupling of QWs
is strong (small LB). Small separation between MW and
NMW hh-exciton PLE bands at high B, realized in the
structure with the barrier LB= 3 nm (Fig. 4), allows to
record PLE spectra with much better quality in cross-
circular polarizations. Spectral deconvolution by gaus-
sian bands (Fig. 9(a)) makes possible to analyze tunnel-
ing efficiency between MW and NMW hh-exciton ground
states depending on the exciton energy separation ∆Eex.
Figure 9 demonstrates that, starting at B = 0 T, where
∆Eex > h¯ωLO, towards ∆Eex = 0 no threshold-like be-
havior is observed in a relative tunneling efficiency Pt,
defined here as a ratio of the MW to NMW hh-exciton
PLE band intensities of the hh-excitons. Oppositely, at
∆Eex > h¯ωLO value of Pt is even somewhat smaller than
that at ∆Eex < h¯ωLO (Fig. 9(b)). This result excludes
exciton tunneling through the emission of a single LO
phonon, the mechanism theoretically considered by Michl
et al.
23 for ADQWs with thin barriers and which has been
observed experimentally only in a few experiments26,27.
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4. Two-step exciton tunneling mechanism
Previous investigations of tunneling phenomena in
ADQWs have shown that resonant charge transfer in
many cases actually involves exciton tunneling from spa-
tially direct to indirect exciton state6,12,15,28,29. On the
other hand, calculations5,12,23 indicate that tunneling be-
tween spatially direct exciton states is normally not ef-
ficient due to very weak admixture of the direct exci-
ton wave functions. It has been suggested that two-step
tunneling scheme would work more efficiently with an
indirect exciton as an intermediate state. Experiment
has confirmed the effectiveness of the two-step scheme
when LO phonon emission is allowed at every step thus
overcoming too weak tunneling between direct exciton
states5.
Calculations show that at low B both indirect exci-
tons have higher energies than both direct excitons in
ADQWs with LB= 4 and 6 nm (Fig. 10, LB= 6 nm
case), i.e. the above mechanism is ineffective. The sit-
uation changes at B > B∗C ≈ 5 T when indirect exciton
has lower energy. The lowest indirect exciton is com-
posed of the NMW electron and MW hole, i.e. symbol-
ically e(NMW)-hh(MW), while another indirect exciton
e(MW)-hh(NMW) is always the highest energy exciton
state (Fig. 10) and thus can be omitted as an interme-
diate state. First step in such exciton transfer scheme
involves heavy hole tunneling hh(NMW) → hh(MW).
The second step involves electron tunneling e(NMW) →
e(MW) and it is energetically prohibited in the single-
particle picture for electrons with zero in-plane kinetic
energy as discussed above. But the two-particle nature of
hole-assisted electron tunneling process makes it different
from the ordinary one-particle (electron or hole) tunnel-
ing process68. The prohibition can be overcome by an
additional excitonic Coulombic potential which changes
locally confinement potential of the heterostructure69,70
and may provide electron tunneling to the final, en-
ergy profitable exciton state in the MW. The analysis
of the NM hh-exciton intensity in σ− polarized PLE
spectra (Fig. 3) does not show threshold behavior at
B>BC , which may point to the opening of the additional
NMW→MW exciton transfer channel. Thus, we do not
have direct evidence of the two-step exciton tunneling at
high fields.
Comparable intensities of the MW and NMW hh-
excitons in PLE spectra in all studied ADQWs with
big range of barrier thickness points to weak depen-
dency of the tunneling mechanism on the LB. Inter-
estingly, such an independency has been found in re-
cent time-resolved investigations in semimagnetic Zn-
MnSe/ZnCdSe ADQWs71. Very long (few ns) PL de-
cay times observed in Ref.71 rule out the possibility of
free exciton tunneling and evidence for the transfer pro-
cess through some kind of localized excitons or excita-
tions. Insensitivity of the decay times to the barrier
height as well as to the barrier width (4–8 nm) contra-
dicts to the traditional exponentially dependent tunnel-
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e(NMW)-hh(MW)) exciton energies in ADQW with LB= 6
nm. Two-step exciton interwell transfer through the interme-
diate indirect exciton state at high B is illustrated schemati-
cally.
ing mechanism. Authors71 suggested photon-exchange
energy transfer36 of the localized excitons or electron-
hole pairs. This mechanism is known as slowly varying
with interwell distance36 and that’s why is regarded as
the most plausible. Contrary to the PL data of Ref.71, in
presented ADQWs exciton recombination from the MW
is absent in PL spectra at B<BC (Fig. 2). This fact
evidences about much quicker exciton transfer in the in-
vestigated ADQWs with thermally induced disorder and
points to different transfer mechanism than that realized
in ADQWs studied by Chen et al.71.
Concluding this discussion, we would like to note that,
in principle, finite uncontrolled doping level in nominally
undoped heterostructures supply carriers which can sig-
nificantly change local potential band picture, promoting
single-particle exciton tunneling with the help of carriers
localized in the opposite QW. It is known72,73 that in-
trinsic defects in CdTe can provide both n- and p-doping
type, with the doping level dependent on the growth con-
ditions. High tunneling efficiency was reported74 the
in CdTe-based ADQWs with LB ≤ 6 nm and n-type
doping concentration of the order of 1015 cm−3. On
the other hand, localized carriers would form different
exciton-bound complexes which were present in the cited
work74. This is not the case in the studied structures,
which do not show any pronounced PL spectral bands
additional to the localized at potential fluctuations hh-
exciton band (Fig. 2). Thus, we rule out major contri-
bution to the interwell tunneling due to free/localized
carriers supplied by residual impurities or/and defects.
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5. Valence band-mixing effects in exciton tunneling
Stress relaxation during RTA give rise to small values
of ∆hh−lh= 19 and 15 meV in ADQWs with LB= 4 and 6
nm, respectively (Fig. 4), which are same or smaller than
hh-exciton binding energies ≃ 18 meV (Fig. 7). As a re-
sult, valence band-mixing should be significant in defini-
tion of exciton states45,75. Theoretical considerations and
numeric calculations have shown that inclusion of valence
band-mixing is crucial for qualitative understanding and
estimation of the hole transfer rates both at on- and off-
resonance conditions12,25,76. Particularly, Ferreira and
Bastard76 have stressed that the rates of tunneling as-
sisted by elastic scattering via interface defects, impuri-
ties, or alloy fluctuations, are considerably increased by
the valence band-mixing effect over ones deduced without
taking into account the band-mixing.
An exact solution of the single-particle hh tunneling
in ADQW via acoustic phonons with accounting of the
hh-lh mixing is done in Ref.25. As it has been shown25,
relaxation rate at out-of-resonant conditions is defined
by the light hole tunnel exponent and does not depend
on the heavy holes levels mismatch ∆Eh when it is big-
ger than tunnel matrix element, in agreement with some
experimental data14,15. It is important that this result is
valid not only for acoustic phonons scattering but also for
any short-range potential scattering relevant in the case
of ADQWs with essential disorder25. Estimations made
according to Ref.25 show that in the studied ADQWs hh
tunneling through the lh-mixing channel should prevail
at ∆Eh >∼ 2 meV, i.e. in the whole magnetic field range
except of a narrow field interval near BH , where resonant
tunneling may prevail.
It is a decoupled model that has led to a widespread
belief that hh tunnels considerably slower than electron.
Without accounting of the hh-lh mixing calculated hh
transfer times via elastic scatterers are of several orders
longer than the observed ones12. hh-lh coupling strongly
depends upon the in-plane wave vector K. Even if the
initial state is a hh K= 0 state, elastic scattering via any
static scatterer can couple hh to a K 6= 0 lh state, which
due to band-mixing has a nonzero projection to the other
hh state77. The importance of band-mixing effect on the
interwell heavy hole tunneling was revealed in experimen-
tal studies in electrically biased ADQWs29,76. Numeric
calculations, made in these Refs.29,76, have shown that
the hole and electron transfer times assisted via the static
elastic scatterers are in general comparable. Moreover,
it is absolutely necessary to account for valence band-
mixing for explanation of resonances in tunneling times
between hh and lh states, observed in Refs.15,78.
We suggest that the valence band-mixing effect is a
determinant factor responsible for the observed effective
exciton relaxation in the whole magnetic field range, i.e.
at all discussed experimentally realized band alignment
configurations. Spatial delocalization of the lh states in
investigated ADQWs would promote very efficient in-
terwell tunneling of the hh-excitons through the strong
hh-lh mixing. As for the tunneling mechanism itself we
naturally suppose elastic or quasi-elastic scattering via
static scatterers such as alloy composition fluctuations,
in first order, interface defects and impurities, which are
expected to be present in abundance in the investigated
ADQWs as a result of RTA treatment and ternary com-
position. Exciton relaxation via acoustic phonons is of
orders weaker (Fig. 8) while LO phonon assisted exci-
ton tunneling23 turns out to be ineffective even in the
ADQW with LB= 3 nm (Fig. 9). Full theoretical de-
scription of exciton tunneling via quasi-elastic scatter-
ing with taking into consideration valence band-mixing of
heavy hole is not developed at present. Very interesting
attempts to consider the hh-exciton tunneling problem
with accounting of the exciton Coulomb correlations of
the electron-hole pair have been undertaken only in sev-
eral publications5,6,12,44 by choosing of appropriate exci-
ton wavefunctions for initial and final carrir states but
without considering of the valence band-mixing.
Strong influence of valence band-mixing effects on the
exciton tunneling can be suggested from the PL experi-
ments also (Fig. 2). σ+-polarized hh NMW exciton has
negligible intensity at B>BC which evidences about com-
plete transfer of excitons from this state to the MW dur-
ing relaxation of photoexcited carriers. Non-resonantly
excited carriers relax in two stages: after ultrafast subpi-
cosecond energy relaxation by LO-phonon emission79 ex-
citons with a large center-of-mass momentum K are cre-
ated during first tens picoseconds80. Then, for hundreds
of picoseconds, exciton loses its excess energy through
acoustic phonon emission80. The hole acquires a part
of the total exciton momentum and thus turns up in a
strongly valence band mixed state. Short tunneling times
of the hh-exciton as compare to the energy relaxation
times (hundreds of picoseconds) are required to explain
the experimental finding.
V. CONCLUSIONS
Magneto-optical properties of semimagnetic
Cd(Mg,Mn)Te-based ADQWs, subjected to the quick
thermal annealing, are studied. Very efficient interwell
relaxation of the heavy hole excitons is observed in the
whole magnetic field range regardless of the tunneling
direction. Single-particle description fails to explain
tunneling picture that emphasizes importance of the
excitonic correlations in the tunneling processes in
semiconductor heterostructures.
Main conclusions of the work are the following:
1) rapid temperature annealing of the ADQW with
SiO2 cap layer effectively introduce magnetic (Mn) and
nonmagnetic (Mg) impurity atoms from the barriers into
initially nonmagnetic CdTe QWs with a good optical
quality. It allows to control mutual carrier levels align-
ment and energy order of the intrawell exciton transitions
in such ADQWs by the external magnetic field.
2) Exciton tunneling direction is defined by the exciton
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transitions energy difference in the adjacent QWs inde-
pendently on the single-particle levels alignment. Thus,
excitonic effects are absolutely important in charge trans-
fer and determine the nature of tunneling in ADQWs
with thermally induced disorder. In turn, it makes pos-
sible to control exciton tunneling direction with external
magnetic field.
3) Absence of anticrossing behaviour of hh-excitons ev-
idences about incoherent nature of hh-exciton tunneling
and the absence of excitonic level interaction in ADQWs
with strong short-range disorder, caused by the quick
thermal annealing.
4) The simplest, rectangular shape model of ADQW
band potential profile has proved to describe satisfacto-
rily the magnetic field behavior of the hh- and lh-exciton
states.
5) Interwell stress relaxes completely during rapid tem-
perature annealing in the ADQWs with barriers >∼ 4 nm,
leading to small values of hh-lh splitting ∆hh−lh, while
in structures with narrow barriers stress effects remain
important.
6) Valence band-mixing effects in II-VI semiconductor
ADQWs with strong excitonic effect and small ∆hh−lh
are supposed as an underlaying physical factor for the
effective exciton tunneling experimentally observed for
different interwell alignment configurations. Elastic scat-
tering via alloy composition fluctuations and interface de-
fects are considered as the determinant tunneling mech-
anisms in the ternary ADQWs, subjected to the rapid
temperature treatment.
In general, tunneling experiments in ADQWs, based
on II-VI semimagnetic materials, have shown specificity
of the tunneling phenomena in heterostructures made on
these compounds. Strong excitonic correlations and va-
lence band-mixing are supposed to govern the nature of
interwell exciton transfer. Experimental data point that
the role of valence band-mixing effects in exciton trans-
fer should be reconsidered for II-VI semiconductor het-
erostructures with strong excitonic effect.
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